Summary. Complement coating and hemolysis were observed when erythrocytes from patients with paroxysmal nocturnal hemoglobinuria (PNH) were incubated in isotonic sucrose solution in the presence of small amounts of serum. Normal cells were likewise coated with complement components but did not hemolyze. Both normal and PNH erythrocytes reduced the hemolytic complement activity of the serum used in this reaction.
Introduction
serum (1) . This observation has been used as the basis for a simple and specific diagnostic test
Erythrocytes from patients with paroxysmal for PNH recently reported from this laboratory nocturnal hemoglobinuria hemolyze when incu-action although, as will be shown, sucrose per se does not directly hemolyze the PNH erythrocytes. The present report describes some of the variables affecting this reaction.
Methods
PNH erythrocytes and serum were obtained from eight patients currently under study in this laboratory. Patient numbers are the same as in previous publications (3, 4) with the more recent additions of Patients 9 and 10. Patients 1 and 6 are now deceased. Normal cells and serum were obtained from healthy young adult volunteers. Blood samples from patients with disorders other than PNH were obtained from the inpatient and outpatient services of Vanderbilt Hospital and the Nashville Veterans Administration Hospital. Serum and cells were separated by defibrination with glass beads under sterile conditions. When not used immediately, the cells were stored at 40 C in sterile modified Alsever's solution (5) , and the serum was stored at -700 C. Before use the erythrocytes were washed thrice with normal saline.
Isotonic sucrose solution, as modified from the method of Harshman and Najjar (6) , was prepared by dissolving 92.4 g (0.27 mole) in 910 ml of 5 mM NaH2PO4 and 90 ml of 5 mM Na2HPO4. The pH was adjusted to 6.1 with 0.75 N NaOH or 0.75 N HC1 if necessary. Isotonic solutions of glucose, mannose, raffinose, sorbitol, and mannitol were prepared by dissolving 0.27 mole of each in similar phosphate buffer solutions. Normal saline solution (0.145 M) contained 8.5 g NaCl per L of distilled water.
The standard sucrose hemolysis reaction mixture contained 0.85 ml of sucrose solution (pH 6.1 unless otherwise stated), 0.05 ml of unacidified autologous or isologous blood group compatible normal serum, and 0.1 ml of a 50% saline suspension of erythrocytes. This provided a final concentration of 5% serum and 5% erythrocytes. Osmolalities when measured ranged between 299.0 and 308.5 mOsm for sucrose solution, serum-sucrose mixture, and serum-sucrose-erythrocyte mixture. The standard incubation period was for 30 minutes at 370 C.
Acid hemolysis and thrombin tests were carried out by previously described methods (7, 8) . These reaction mixtures each contained 0.9 ml of acidified serum (pH 6.2 to 6.5) and 0.1 ml of a 50% saline suspension of erythrocytes with the thrombin test containing in addition 50 U of bovine thrombin.1
After incubation at 370 C the tubes containing the above reaction mixtures were inverted several times and centrifuged, and the supernatants were removed for determination of per cent hemolysis. Unlysed cells (i.e., surviving hemolysis in these tests) were washed thrice with normal saline and subjected to antiglobulin agglutination tests that were read macroscopically on a glass tile as previously described (8) .
Studies were designed to measure certain variables affecting the sucrose hemolysis reaction. Ionic strength was varied by stepwise replacement of sucrose with 0.145 M saline while maintaining the serum and erythrocyte concentrations at 5% each in the reaction mixture. In ionic strength determinations all reactants except the erythrocytes were mixed, and the conductance was measured with a Radiometer conductivity meter.2 Conductance readings were converted to ionic strength values with saline standards. The per cent of serum in the reaction mixture was varied by adjusting the amounts of serum and sucrose employed while maintaining a 5% concentration of erythrocytes. It is recognized that this maneuver varies ionic strength as well as the percentage of serum in the reaction. In indicated experiments the pH of the serum-sucrose mixture was adjusted with 0.05 N HCl or 0.05 N NaOH before the addition of erythrocytes.
The effect of certain anticoagulants on sucrose hemolysis was determined by mixing one part of anticoagulant with nine parts of serum before addition to the sucrose hemolysis reaction mixture. In some experiments when a very high concentration of anticoagulant to serum (e.g., 50 mM) in the reaction mixture was desired, the dry anticoagulant was dissolved in sucrose solution before the addition of the serum.
The role of thrombin in sucrose hemolysis was investigated. Commercial bovine thrombin was dissolved in serum or for higher concentrations in the sucrose solution before mixing these reactants. In other experiments oxalated plasma treated with BaSO58 to remove prothrombin activity was used in place of serum in the reaction mixture. Nine parts of whole blood mixed with one part of M/10 sodium oxalate served as the source of oxalated plasma. The BaSO4 was prepared as a water suspension containing 100 mg per ml. The desired amount of BaSO4 suspension was then pipetted into a tube and centrifuged. The aqueous supernatant was removed, and plasma was then added and mixed with the packed BaSO4. After 10 minutes' incubation at 37°the BaSO4 was removed by centrifugation. A second centrifugation assured complete removal of the BaSO4 from the plasma.
Sera lacking complement components or properdin (Ri, R2, R3, R4, and RP) were prepared by standard methods (5, 9) , except that the final dilutions were made in 0.27 M buffered sucrose solution rather than barbitalbuffered saline. The utilization of complement in the sucrose hemolysis system was tested in the following manner. Serum-sucrose mixtures were incubated for 30 minutes at either 40 or 370 in the absence of erythrocytes. Similar mixtures were also incubated at 370 with normal as well as PNH erythrocytes. At the end of the incubation period all tubes were centrifuged for 3 minutes at room temperature in a Clay-Adams serofuge. The su-pernatants were then removed, and hemolytic complement activity was determined by the method of Kabat and Mayer (5) . The conductance of samples to be tested was adjusted to that of isotonic barbital-buffered saline (5) with five times concentrated buffer. Normal serum complement values for this laboratory are 33 ± 11 C'Hso U per ml. The hemolytic unit of complement, C'Hse, represents that amount of serum which will bring about the hemolysis of 2.5 X 10W of 5.0 X 10' optimally sensitized sheep red blood cells under appropriate conditions as defined by Kabat and Mayer (5) . Antisera to -yG-globulin (anti-'yG) and human complement (anti-C') were prepared as previously described (8) . The anti-yG serum agglutinated y-globulin-coated erythrocytes but not complement-coated red cells. Immunoelectrophoresis (10) with whole serum resulted in a single yG-globulin precipitin band. The antiserum to human complement (anti-C') agglutinated complement-coated erythrocytes but not -y-globulin-coated cells. Immunoelectrophoresis of this antiserum with whole serum resulted in two a-globulin bands corresponding to the complement proteins ftic-globulin (11) and 8jE-globulin (12) described by Mfiller-Eberhard and associates. 4 Trypsinized normal erythrocytes, which are similar to PNH erythrocytes in their susceptibility to acid hemolysis, were prepared with Bacto-trypsin 5 according to the method of Yachnin, Laforet, and Gardner (13) . Reactions employing 0.5 ml of cold agglutinin serum, 0.4 ml of normal serum, and 0.1 ml of packed group 0 erythrocytes were incubated at 23°C for 2 hours. The mixture of cold agglutinin and normal serum was acidified to pH 6.5 with N/3 HCO before addition of the erythrocytes.
Results
Sensitivity and specificity of the sucrose hemolysis test. Table I compares results obtained in simultaneously performed sucrose hemolysis, acid hemolysis, and thrombin tests with red cells from all eight PNH patients studied. Although autologous sera were used in this set of experiments, isologous blood group compatible sera gave similar results. Per cent hemolysis in the sucrose system was greater than that in the acid hemolysis test and frequently of the same order of magnitude as in the thrombin test. As with the acid hemolysis and thrombin tests, in the sucrose system normal cells did not hemolyze when incubated with PNH sera, confirming that the hemolytic susceptibility of PNH blood in this system as in other systems lies in the red cells.
The specificity of this reaction as a diagnostic 4 Specific antisera to 8ic-globulin and ,1E-globulin were kindly provided by Dr. Muller-Eberhard. 5 Difco Labs., Detroit, Mich. (Figure 4) . When PNH or normal erythrocytes were added to the reaction mixture, there was a marked fall in serum complement activity, indi- cating that complement fixation had occurred. Moreover, serum-sucrose mixtures that had been exposed to normal red cells no longer produced significant hemolysis-of PNH erythrocytes. Normal erythrocytes as well as PNH erythrocytes surviving hemolysis in the serum-sucrose system were agglutinated by anti-C', anti-fliglobulin, and anti-,/1E-globulin, providing further evidence for the participation of complement (Table III) . Normal cells incubated with complement-fixing cold agglutinin antibodies showed similar reactions with these three antisera. In contrast, PNH cells surviving the classical acid hemolysis reaction, as reported previously, were agglutinated by anti-C' and anti-,f10-globulin antisera but not by anti-,81E-globulin (8) . In none of these experiments did the cells react with anti--yG.
Anticoagulants. (2) . On the other hand, Mg-EDTA (Na2Mg-EDTA), which binds calcium but not magnesium ions, was not inhibitory in serum concentrations of 20 mmoles per L ( Figure 5 ) and in other experiments up to 50 mmoles per L. Figure 6 shows the effect of heparin added (Table IV) . With larger amounts of BaSO4, however, these activities as well as prothrombin activity were affected. With 500 mg of BaSO4 per ml, complement and sucrose hemolysis activity were almost completely removed from the plasma. At 250 mg the results varied with individual plasmas.
Although commercial bovine thrombin enhances PNH acid hemolysis, no such effect was noted in the sucrose hemolysis reaction (Table V) . In fact the addition of increasing amounts of thrombin to the sucrose system resulted in a progressive decrease (13) . Trypsin has been commonly used for this purpose. However, trypsinized normal human eryth- There are several important differences between sucrose hemolysis and acid hemolysis of PNH cells. Acid hemolysis occurs over a relatively narrow range of pH (7, 14) , does not usually take place at room temperature, is inhibited by both citrate and oxalate (15) , and requires at least a 25 % serum concentration (16 (18, 19) .
The marked agglutination of cells tested in the serum-sucrose system is of interest in comparing sucrose hemolysis with classical EAC' hemolysis. Clearly the agglutination was not an effect of the low ionic strength alone since it did not occur in the absence of serum. It is possible that a serum protein is altered in configuration in the low ionic strength medium so as to acquire "antibody-like" characteristics. The coating of erythrocytes with PIlE-and flic-globulins in this system is consistent with this interpretation. The observation that agglutination was more striking when the pH of the sucrose solution was less than 7.0 is similar to the finding that the agglutinating effect of known antibodies is most marked below pH 7.0 (20) .
The agglutinating phenomenon in the serumsucrose system could be separated from the hemolysis of PNH erythrocytes. When heated serum or oxalated plasma treated with BaSO4 (500 mg per ml) was used in the sucrose system, PNH erythrocytes failed to hemolyze but agglutination persisted. This, however, does not eliminate the agglutinating factor as a possible prerequisite for PNH sucrose hemolysis. Further attempts to isolate and characterize the agglutinating factor are in progress.
The findings of Harshman and Najjar (6) are of interest in this regard. In their experiments normal human erythrocytes were separated from serum or plasma, washed with buffered 0.27 M sucrose solution, and then suspended in 0.15 M sodium chloride. After centrifugation the saline supernatant was analyzed and found to contain y-globulin with the following blood group isohemagglutinin activities: anti-B was recovered from A cells, anti-A from B cells, and anti-A plus anti-B from 0 cells. Antiglobulin tests were not performed on the cells. We initially considered 759 that these isohemagglutinins might have antibodylike function in the sucrose hemolysis system and thus be a necessary requirement for the observed reactions. This does not appear to be the case, however, since AB serum, lacking these isohemagglutinins, behaved entirely the same as blood group specific serum with respect to the agglutination, complement coating, and PNH hemolysis observed in the sucrose system.
Reduction in ionic strength has been previously shown to enhance the efficiency of the classical complement system (21, 22) . Such studies demonstrated that hemolysis of sheep erythrocytes by rabbit antibody and guinea pig complement is maximal at ionic strengths of 0.05 to 0.08, a much higher range than that producing maximal sucrose hemolysis of PNH erythrocytes. In addition,
Mollison and Polley have reported that Pic-and alE-globulins coat normal cells incubated with serum previously dialyzed against sucrose or diluted in sucrose (23) , and that y-globulin also coats normal cells incubated in sucrose-dialyzed serum. In our studies, y-globulin was not detected on either normal or PNH erythrocytes subjected to the sucrose hemolysis reaction.
More recently Yachnin has shown that acid hemolysis of PNH erythrocytes can be enhanced by the use of sucrose-dialyzed serum (24) . It was suggested that the low ionic strength favored reactions involved in the attachment of late acting complement components to PNH cells in the acid hemolysis reaction. An alternative explanation would be that the enhancement is due to mechanisms relating to the sucrose hemolysis reaction in which early acting (ftlE-globulin) as well as late acting (fl3c-globulin) complement components are attached to the PNH erythrocyte.
The observation that neither citrate nor oxalate blocked sucrose hemolysis probably is due to the relatively great dissociation of both calcium and magnesium from these ligands. This dissociation may be even greater in solutions of low ionic strength, since Walser has reported that sodium ion suppresses the ionization of calcium and magnesium citrate (25) . On the other hand, Na2H2-EDTA, which binds both magnesium and calcium ions much more avidly,6 entirely prevented su- 6 (2) . The requirement for small amounts of serum makes long-term studies of the hemolytic defect of PNH erythrocytes more practical using, for example, group AB reference serum frozen in small portions at -70°C. Moreover, the sucrose system provides an easy and rapid method to prepare complement-sensitized cells for the serologic laboratory.
